Intrauterine exposure to diabetes is associated with an excess of diabetes and obesity in the offspring, but the effects of intrauterine exposure are confounded by genetic factors. To determine the role of the intrauterine diabetic environment per se, the prevalence of diabetes and the mean BMI were compared in siblings born before and after their mother was recognized as having diabetes. Nuclear families in which at least one sibling was born before and one after the mother was diagnosed with type 2 diabetes were selected. Consequently, the siblings born before and after differed in their exposure to diabetes in utero. A total of 58 siblings from 19 families in which at least one sibling had diabetes were examined at similar ages (within 3 years). The risk of diabetes was significantly higher in siblings born after the mother developed diabetes than in those born before the mother's diagnosis of diabetes (odds ratio 3.7, P = 0.02). In 52 families, among 183 siblings without diabetes, the mean BMI was 2.6 kg/m 2 higher in offspring of diabetic than in offspring of nondiabetic pregnancies (P = 0.003). In contrast, there were no significant differences in risk of diabetes or BMI between offspring born before and after the father was diagnosed with diabetes. Intrauterine exposure to diabetes per se conveys a high risk for the development of diabetes and obesity in offspring in excess of risk attributable to genetic factors alone. Diabetes 49:2208-2211, 2000 T ype 2 diabetes has strong genetic and environmental risk factors. Previous studies have shown greater transmission of type 2 diabetes to offspring from mothers than from fathers (1-3), and a significantly higher prevalence of diabetes in offspring of women with diabetes during pregnancy than in offspring of nondiabetic and prediabetic women (2). Intrauterine exposure to diabetes is also associated with a higher prevalence of impaired glucose tolerance in adolescence (4) and with an excess of obesity, especially during the first 20 years of life (5-7). Nevertheless, the effects of intrauterine exposure to diabetes may be confounded by genetic factors. For example, women who develop diabetes at an earlier age might carry more diabetes-susceptibility genes than those who develop diabetes later. Hence, they might transmit greater genetic susceptibility to their offspring.
Intrauterine Exposure to Diabetes Conveys Risks for Type 2 Diabetes and Obesity
Intrauterine exposure to diabetes is associated with an excess of diabetes and obesity in the offspring, but the effects of intrauterine exposure are confounded by genetic factors. To determine the role of the intrauterine diabetic environment per se, the prevalence of diabetes and the mean BMI were compared in siblings born before and after their mother was recognized as having diabetes. Nuclear families in which at least one sibling was born before and one after the mother was diagnosed with type 2 diabetes were selected. Consequently, the siblings born before and after differed in their exposure to diabetes in utero. A total of 58 siblings from 19 families in which at least one sibling had diabetes were examined at similar ages (within 3 years). The risk of diabetes was significantly higher in siblings born after the mother developed diabetes than in those born before the mother's diagnosis of diabetes (odds ratio 3.7, P = 0.02). In 52 families, among 183 siblings without diabetes, the mean BMI was 2.6 kg/m 2 higher in offspring of diabetic than in offspring of nondiabetic pregnancies (P = 0.003). In contrast, there were no significant differences in risk of diabetes or BMI between offspring born before and after the father was diagnosed with diabetes. Intrauterine exposure to diabetes per se conveys a high risk for the development of diabetes and obesity in offspring in excess of risk attributable to genetic factors alone. Diabetes 49:2208-2211, 2000 T ype 2 diabetes has strong genetic and environmental risk factors. Previous studies have shown greater transmission of type 2 diabetes to offspring from mothers than from fathers (1-3), and a significantly higher prevalence of diabetes in offspring of women with diabetes during pregnancy than in offspring of nondiabetic and prediabetic women (2) . Intrauterine exposure to diabetes is also associated with a higher prevalence of impaired glucose tolerance in adolescence (4) and with an excess of obesity, especially during the first 20 years of life (5) (6) (7) . Nevertheless, the effects of intrauterine exposure to diabetes may be confounded by genetic factors. For example, women who develop diabetes at an earlier age might carry more diabetes-susceptibility genes than those who develop diabetes later. Hence, they might transmit greater genetic susceptibility to their offspring.
The Pima Indians of Arizona have the world's highest incidence and prevalence of type 2 diabetes (8, 9) . Both genetic and environmental risk factors contribute to the high rate of diabetes in the Pimas. In Pima Indian children aged 5-19 years, the strongest single risk factor for type 2 diabetes was exposure to diabetes in utero (10) . To determine the role of intrauterine diabetic environment, which is in addition to genetic transmission of susceptibility, a sibship study was designed to compare the prevalence of type 2 diabetes and the BMI in Pima Indian siblings born before and after their mother was diagnosed with type 2 diabetes.
RESEARCH DESIGN AND METHODS
Data were taken from the longitudinal study of diabetes and its complications conducted since 1965, among the Pima Indian residents of the Gila River Indian Community in central Arizona (8) . Standardized biennial examinations included measurements of venous plasma glucose 2 h after a 75-g oral glucose load, height, weight, and blood pressure. Medical history was recorded and data on family relationships were collected. BMI was calculated as weight (kg) divided by height (m) squared. Diabetes was diagnosed according to the 1985 World Health Organization criteria (11) .
Nuclear families were selected in which at least one sibling was born before and at least one after the mother was diagnosed with type 2 diabetes. The siblings had the same mother and father; consequently, a major difference between those born before and after was in exposure to intrauterine diabetes. Exposure to diabetes in utero was considered present if the mother had type 2 diabetes diagnosed before the delivery of the child and absent if diabetes was diagnosed after delivery.
For the analysis of diabetes, 19 nuclear families were identified with two or more siblings in which at least one sibling had diabetes and one did not and with at least one sibling born before and at least one born after the mother was diagnosed with diabetes. Because the prevalence of diabetes is age dependent, data from examinations of siblings at similar ages were used. For each sibship, sets of siblings examined within a 3-year age interval (i.e., 6 to <9 years and 9 to <12 years) were selected. When sets of siblings could be selected from more than one such age interval, only the set with the most information regarding diabetes prevalence was selected. The relative risk of type 2 diabetes in offspring, as a function of exposure to diabetes in utero, was estimated by logistic regression analysis, conditional on sibship, allowing variable numbers of matched case and control subjects (12) . Families in which either none or all of the siblings examined within an age interval were diabetic were not informative for this analysis and thus were not included.
For the analysis of BMI, 52 families were selected in which at least one sibling was born before and at least one was born after the mother was diagnosed with diabetes. From each sibship, siblings were selected who had been examined when nondiabetic and within a 3-year age interval. When more than one From the Diabetes and Arthritis Epidemiology Section, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes ofD. DABELEA AND ASSOCIATES set of examinations from a sibship were available, the set that maximized the number of siblings examined was used. If the same number of siblings was available from more than one age interval, the younger set was used. The effect of intrauterine diabetes exposure on BMI in offspring was estimated by analysis of variance with control for sibship.
To determine whether the sibling differences were specifically due to differences in maternal diabetes during pregnancy rather than to some other correlate of birth order, similar analyses were performed in other families selected to have siblings born before and after the father was diagnosed with diabetes.
RESULTS
Nineteen nuclear families with 58 siblings (36 born to prediabetic mothers and 22 to diabetic mothers) were informative for the analysis of diabetes in sibships discordant for maternal diabetes (Table 1) . Table 1 shows mean ages at diagnosis of diabetes in each parent, of the parents at birth of the offspring, and of the offspring at examination. These data are also shown for the 24 families with 84 siblings studied for the analysis of diabetes in sibships discordant for paternal diabetes. By design, ages at examination of the offspring born before or after the parent developed diabetes were similar, but, by necessity, the parents were older at the birth of the offspring born after the parent developed diabetes. Similar data are shown in Table 2 for the 52 families studied for the analysis of BMI in sibships discordant for maternal diabetes and 56 discordant for paternal diabetes. Table 3 shows, in each of the 19 families discordant for maternal diabetes in pregnancy, the number of siblings with diabetes born before and after the mother was diagnosed with type 2 diabetes. In 15 of the sibships, diabetes was more common in the offspring born after the mother's diagnosis of type 2 diabetes, whereas in 4 sibships it occurred only in those born to mothers before diabetes was recognized. The summary odds ratio, from logistic regression analysis conditional on sibship, was 3.7, 95% CI 1.3-11.3, P = 0.02. Similar results were found when controlled for sex differences among siblings. In contrast, among 84 siblings from 24 families of diabetic fathers the risk for type 2 diabetes was similar in siblings born after and before the father's diagnosis of type 2 diabetes (odds ratio 1.1, 95% CI 0.3-2.5, P = 0.8). Similar results were found when controlled for maternal diabetes and sex.
In 52 families, 183 nondiabetic siblings born either before or after their mother was diagnosed with diabetes had measurements of BMI. The mean BMI in siblings exposed and not exposed to intrauterine diabetes is shown in Fig. 1 . The mean BMI was significantly higher in the 62 siblings who were exposed than in the 121 siblings not exposed to diabetes in utero (mean difference [95% CI] 2.6 kg/m 2 (0.9-4.3), P = 0.003, controlled for sibship by analysis of variance). In contrast, in 56 families of diabetic fathers, there was no significant dif- 
EXPOSURE TO DIABETES IN UTERO AND TYPE 2 DIABETES
ference in mean BMI between the 79 offspring born after and the 147 offspring born before the father was diagnosed with type 2 diabetes (mean difference 0.4 kg/m 2 [95% CI -0.9 to 1.7], P = 0.5).
DISCUSSION
Type 2 diabetes shows strong familial aggregation, and susceptibility genes have been proposed to explain the increased risk of diabetes in the offspring of diabetic parents. Previous studies in the Pima Indians have shown a much higher prevalence of both type 2 diabetes and obesity in offspring of women who developed diabetes before or during pregnancy than in the offspring of nondiabetic women or the offspring of women who developed diabetes after delivery (prediabetic women) (2, 5) . This finding is consistent with the greater frequency of diabetes found in offspring of type 2 diabetic mothers than of type 2 diabetic fathers in Pima Indians (2) and in other populations (13, 14) . These data suggest that exposure to the intrauterine diabetic environment is an important determinant of type 2 diabetes and obesity in adolescence and young adulthood, in addition to the genetic predisposition presumably present in the offspring of both diabetic and prediabetic women (15) . An alternative explanation for these earlier observations is that women who develop diabetes at an early age and whose offspring are more frequently exposed to diabetes in utero transmit a greater number of diabetes-susceptibility genes to their offspring than women who develop diabetes later and whose offspring are born before the mother develops the disease. Thus, the greater frequency of diabetes in the offspring of diabetic pregnancies might be due to greater genetic susceptibility in such offspring.
The present study shows that within the same family, offspring born after the mother's diagnosis of diabetes have a much greater risk of developing diabetes and of being obese at an early age than offspring born before the mother is diagnosed with diabetes. In such families, offspring born before and after diabetes develops carry the same risk of inheriting the same susceptibility genes. Consequently, differences in risk among those born before and after the mother develops diabetes are not likely to be due to genetic differences but reflect the effect of intrauterine exposure to diabetes per se. Because some of the prediabetic mothers might have had undiagnosed diabetes during the pregnancy, the analyses were repeated after excluding families of prediabetic mothers who did not undergo glucose tolerance testing during the third trimester. The results were similar, although the differences between the offspring of prediabetic and diabetic mothers were not significant in this much smaller sample (data not shown).
It has been previously shown that the prevalence of diabetes and the prevalence and the degree of obesity have increased over time in Pima Indians (10, 16, 17) and that there is little effect of maternal age at the offspring's birth on subsequent obesity in the offspring (6) . Because there were no significant differences in diabetes or BMI between offspring born before and after the father was diagnosed with type 2 diabetes, it is unlikely that the present findings reflect cohort or birth order effects due to factors other than maternal diabetes.
A higher frequency of maternal than of paternal transmission of diabetes has also been demonstrated in GK rats (18) . Furthermore, studies in rats injected with streptozotocin or infused with glucose have demonstrated that hyperglycemia in the mother during the pregnancy leads to impairment of glucose tolerance, impaired insulin secretion, and increased insulin resistance in the adult offspring (19) (20) (21) (22) (23) (24) (25) . Thus, our findings in the Pima Indians are consistent with the animal studies and show a distinct effect of the intrauterine diabetic environment on the risk of diabetes and obesity in offspring. The mechanisms by which exposure to the diabetic intrauterine environment increases the risk for type 2 diabetes in humans remain unknown, but recent data suggest that it may program the pancreas to secrete less insulin during the early phase of insulin secretion (26) .
Is the situation different in type 1 diabetes? The possibility that fuel metabolism in a pregnant woman might have longterm effects on several developmental parameters was suggested 20 years ago (27) . In a cohort of adolescent offspring of diabetic mothers, the predisposition to impaired glucose tolerance was associated with maternal hyperglycemia, regardless of whether it was caused by gestational diabetes or pre-existing type 1 or type 2 diabetes (4). However, the degree to which diabetes is differentially transmitted from mother or father appears to be different in type 1 as opposed to type 2 diabetes. There is a two-to fivefold greater risk of type 1 diabetes in offspring of fathers than mothers with type 1 diabetes (28) . Whether this is the consequence of a true maternal protection against subsequent type 1 diabetes in offspring, as suggested by Warram et al. (29) , or of increased perinatal mortality of babies who inherited the susceptibility for type 1 diabetes from their mothers, remains to be seen. Current data suggest that effects of maternally transmitted diabetes genes may be modified by environmental intrauterine contributions in both type 1 and type 2 diabetes, although with a possibly different impact. The recent report of an association between paternal, but not maternal, type 2 diabetes, low birth weight, and diabetes in offspring (30) also supports this hypothesis.
Within Pima Indian families, offspring born after their mothers were diagnosed with diabetes are at greater risk for type 2 diabetes and have higher BMI than those born before. These findings provide strong evidence that the intrauterine diabetic environment conveys a high risk for the development of diabetes and obesity in offspring, in addition to any effect that is transmitted genetically. It remains to be seen if a degree of glycemic control can be achieved throughout pregnancy that would decrease the degree and prevalence of obesity and type 2 diabetes in future generations.
